We have tested a novel method of reading out light from long scintillators by embedding waveshifting fibers in longitudinal grooves made in the scintillators which are then connected to a photomultiplier (PM). With PMs on both ends of the fibers we have obtained attenuation lengths of over 5 meters and light outputs of over 5 photoelectrons per MeV from both sides with BC408 and five 2mm BCF92 fast green waveshifting fibers. With a reflector at one end of the fibers, we have easily obtained over 10 meter attenuation lengths.
I. INTRODUCTION
Some calorimeter designs require scintillators 3 meters and longer. In many cases, due to space requirements, PMs can not be placed at the end of the scintillator, thus light must be collected and channeled to a PM through some sort of light guide. In the past, different designs have been tried. One is a waveshifting bar coupled to the ends of the scintillator stack which tends to suffers from a relatively low light output. Another is a clear light guide, however fabrication of such light guides is rather difficult. The attenuation length for both these methods is also limited by the attenuation length of the scintillator which is heavily dependent on the bulk material and surface quality of the scintillator. By using the embedded fiber technique one is able to obtain light outputs comparable with the fiber light guide w i t h easier fabrication while greatly increasing the attenuation length which now depends on the attenuation length of the fibers. Shifting the light into the green should also make the embedded fiber detector much more radiation hard.
SAMPLE PREPARATION
All samples in our tests had cross sections of 1 cm x 10 cm with five 2mm wide and 2mm deep grooves machined longitudinally in them with a specially prepared tool. All fibers were 2mm in diameter and were prepared by sanding their ends flat and then polishing with 1 micron diamond paste polishing compoundl. Two cm long regions 3 cm from the PM end were painted black to eliminate cladding light and the opposite ends were painted black to act as a light dump. The PM at the fiber end was calibrated by scattering a very small amount of light into the fibers from a pulsed diode so that there was much less than 1 photo-electron (PE) detected on average to obtain a single PE calibration spectrum. This enabled absolute calibration of the detected signal in photo-electrons. All absolute numbers of photoelectrons are good to 10%.
III. COMPARATIVE TESTS
We tested three different methods to couple fibers to the scintillator --glue, no glue, and side mounted.
The side mounted technique is shown in figure 1. Table 1 shows the results of the different methods for BC408 with BCF92 fibers. The fibers placed in the grooves without glue had about half the light output as fibers glued in with BC600 optical glue2, however, gluing is a messy and time consuming process. The main drawback to the non-glued fibers is that the scintillator has to be tightly wrapped to hold the fibers in place. The side mounted fibers had about 40% the light output of the glued fibers but requires no machining.
H END VIEW
We also tested the effect of different wrapping materials on the light output. Figure 2 shows the results for BC408 with glued in BCF91A green waveshifting fibers. The tests were made by triggering off the lMeV electron of Bi207 as seen by a PM looking directly at the scintillator through a small hole in the wrapping. Tyvek3 white paper gives the highest light output, however the uniformity is not quite as good as aluminized mylar due to local variations in material thickness and reflectivity. The scintillator cross uniformity depends on the spacing of the grooves. Our best results came from spacing the grooves lcm from each edge and 2 cm apart which gave less than a 2% variation. Figure 3 shows the results with BC408-BCF92 for non-glued fibers obtained with a 5 mm wide beam from an 8-keV X-ray generator. The side mounted fibers show about a 6% variation (fig 4) however some of the peak seen on the fiber side may be due to light produced in the fibers themselves from X-rays4 and thus the uniformity may actually be better than this. The decay constant of the BC408-BCF92 combination was measured to c o n f m that BCF92 is a fast wavelength shifter with a decay time of 2.8 nsec5 as well as to see the effect of the embedded fiber technique on the timing properties (fig 5) . We used a small piece of grooved BC408 with Bi207 to excite the fibers and a PM coupled directly to the scintillator to produce a start pulse and then used the light from one of the fibers passing through a pin hole as a stop pulse. Our finding of a 3.5 nsec decay time confirms Bicron's number and shows the embedded fiber technique does not significantly harm the timing properties. The only limitation we found was photon statistics. Because of low light levels there is a statistical time jitter in the arrival of the first PE which causes a timing resolution on the order of 4 nsec FWHM for minimum ionizing particles crossing 1 cm of scintillator.
SCINT BC414
We tested many scintillator-fiber combinations (table 2) of which we found BC414-BCF92 to give the best results, about the same as BC404-BCF92. The data in the table is referenced to the source being 1 meter from the PM for a 7.5 cm long sample with 2.5m long fibers with black paint on their ends. We have also made preliminary tests with acrylic scintillators and have obtained attenuation lengths over 4 meters. We are now working with companies6 to increase the light output from the scintillators. Currently we have a light output of about 40% of B C4 12. The attenuation length of the assembly is a combination of the attenuation length of the fibers which have been measured to be on the order of 5 to 6 meters and the reflective properties of the wrapping materials. Figure 6 shows the difference fibers make in the attenuation length of a 4 meter long BC408 scintillator. One of the most interesting finds of our study, however, was the effect of mirroring the ends of the fibers and/or scintillators on the attenuation length. Figure 7 shows the results for various mirroring and absorptive conditions where we used aluminized mylar tightly pressed against the fiber ends or scintillator end as our mirror and black paint as our absorber. The attenuation measurements were made by using a strong Ru106 The grooving was accomplished with a tool made of five micro-grain carbide slitting cutters (fig 8) such that all grooves are made in a single pass. We ran the tool at 3000 RPM, its maximum speed, and used a feed rate of 4 inches per minute. Using a soap and water air mist as a cutting fluid we obtained a finish near that of as-cast finishes. We found this grooving method is easily transferred to industry and have had most of our scintillators grooved by an outside machine shop. Another method of producing grooved scintillators is to extrude the scintillators with grooves already in them. A grooving nozzle produced at CEBAF has been used to produce such extruded grooved scintillators in Yerevan7 which are now being shipped to CEBAF for testing.
Grooved scintillators with fibers can easily be used to construct large area detectors by butting shorter scintillators end to end (fig 9) . This can result in a cost savings since shorter scintillators (up to 2 m) tend to be half the cost per meter than longer scintillators (-4 m). The loss of light across the butt joint is relatively small (fig 10) and can be accommodated in the calibration curve. 
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